Abstract-To enhance the gain of conventional Vivaldi antenna (CVA), a novel dielectric sheets-covered Vivaldi antenna (DSCVA) is proposed. The dielectric sheets suck energy from the tapered slot region and flare termination region of the CVA, and thus act as surface wave antennas to improve end-fire performances. The CVA, DSCVA as well as the DSCVA with elongated tapered profile (SP-DSCVA) are designed, fabricated and measured. The simulation results are in good agreement with the experimental data. Measurement results show that the gain increase of the DSCVA is up to 5.1 dBi in the range of 3.5-16.5 GHz without increasing antenna length compared to the CVA. More gain enhancement is achieved for the SP-DSCVA. In addition, the half power beamwidths of the CVA as well as the sidelobe levels are improved in both E-and H-planes.
INTRODUCTION
Vivaldi antenna, also called exponential tapered slot antenna (TSA), has various promising features including broadband, end-fire radiation, low impulse distortion, geometric simplicity, and ease of fabrication. Since it was proposed by Gibson, it has been extensively used in ultra-wideband applications, microwave imaging system, radio telescope, wireless communication, and radar [1] [2] [3] [4] . However, some challenging issues on the conventional Vivaldi antenna (CVA) including instable radiation pattern, main beam tilt and split, low gain at high frequencies draw many researchers' attention.
Some measures have been proposed to solve the issues. The coplanar lens produced by substrate end shaping technique, director made of a profiled dielectric piece with higher permittivity, hemisphere lens placed in front of the antenna, and metal director formed by parasitic patch have been proposed to produce directed radiation pattern and enhance antenna gain [5] [6] [7] [8] [9] [10] [11] . The corrugation edge technique is proposed to improve radiation features of lower frequencies [12] [13] [14] . Double-slot (DS) structure of the Vivaldi antenna in [15, 16] can generate uniform aperture field distribution, which leads to achieving higher gain than the CVA with same size. Artificial materials including anisotropic zero refractive index metamaterial (AZIM), negative index metamaterial (NIM), and high refractive index metamaterial (HIM) were employed to enhance the gain of TSA [17] [18] [19] [20] [21] . Additionally, combination of different methods has been utilized by many researchers [2, 8, 16, 21, 22] . Although the above-mentioned methods can improve antenna performance effectively, some deficiencies such as long antenna length, limited gain increase, complicated structure, narrow frequency band, and high cost restrict their applications.
In this paper, a novel simple dielectric sheets-covered Vivaldi antenna (DSCVA) is proposed with improved performances. The dielectric sheets couple space waves from the CVA. Then these space waves are transformed into surface waves and radiate in the end-fire direction. This method can achieve substantial gain increase without increasing the overall antenna length. Besides, to further achieve higher gain, the DSCVA with elongated and tapered profile aiming at increasing the radiation efficiency of surface wave is designed. The prototypes of the CVA and proposed antennas are all fabricated and measured. Measurement results show that the gain of the DSCVA in the band of 3.5-16.5 GHz is 5.3-13.1 dBi, while it is 5.72-15.3 dBi for the SP-DSCVA. The gain enhancement up to 5.3 and 7.6 dBi is achieved compared to the CVA, respectively. The proposed structure can also reduce the side-lobe level and half-power beamwidth.
ANTENNA DESIGN AND DISCUSSION
The geometry of the proposed antenna is demonstrated in Fig. 1(a) . It consists of two major parts: the original CVA and two same dielectric sheets. The design of the original CVA is based on the previous structure in [22] that is designed for our microwave imaging device. To achieve higher gain in wider frequency band, the dielectric sheet spaced by an air layer is introduced to in this paper. The detailed design process is described as follows. 
Design of the CVA
The configuration of the original CVA is illustrated in Fig. 1(b) . The values of antenna structural parameters come from [22] and are listed in Table 1 . The prototype is printed on a Rogers RO4003C substrate with dielectric constant of 3.38 and loss tangent of 0.0027. Thickness of the substrate is 0.508 mm. The CVA includes a two-step quarter wavelength transition between microstrip line and slotline for impedance matching and a main exponential slot radiator. HFSS simulation is used to evaluate the performances of the CVA considering the effect of coaxial connector. The simulated reflection coefficient S 11 of the CVA in Fig. 2(a) shows that the impedance bandwidth of the antenna with S 11 < −10 dB is in the range of 3.5-16.5 GHz. The simulated gain variation of the CVA is illustrated in Fig. 2(b) . It can be observed that the antenna gain starts to descend at the frequency of 11.5 GHz. The decrease of the antenna gain results from the travelling currents at the flare termination shown in Fig. 3 (a) as well as the spherical wave mode leading to the phase errors at the radiation aperture.
Proposed DSCVA and Discussion

Radiation Mechanism of the DSCVA
The CVA belongs to the class of traveling wave antennas of the 'surface-wave' type [23] . As illustrated in Fig. 4 (a), part of the EM waves propagate along the tapered slot in the form of surface waves with a phase velocity lower than the speed of light and then radiate in the end-fire direction; the other part produced by higher order Hankel Function modes radiate into the free air from the antenna board in the form of space waves [1] . To guide the EM waves towards the aperture center and realize high gain, the dielectric sheet which can support surface wave propagating along the air-dielectric interface is introduced in close proximity to the antenna board. Fig. 1 (a) depicts configuration of the proposed DSCVA.
As plotted in Fig. 4(b) , the dielectric slabs couple with the CVA, and then transform the space waves emanating from the CVA to the guide waves, resulting in the dielectric sheets to be the simplest dielectric sheet radiators. The intensity of travelling current along the flare section gradually weakens as the EM energy is coupled into the dielectric slabs. Fig. 3(a) illustrates the surface current distributions of the CVA and DSCVA at 15 GHz, respectively. It is evident that the surface current density in the flare termination of the DSCVA is weaker than that of the CVA. To further explain the impact of the EM coupling, the E-field distributions on the antenna surface (y = 0, E-plane), dielectric sheet surface (y = 5.75 mm), and Y Z-plane (H-plane) are shown in Fig. 5 , respectively. From Figs. 5(a)-5(b), it is clear that intensity of E-field in the tapered slot is reduced especially at the flare termination, while being enhanced in the dielectric sheet due to the coupling. The phenomenon that the transmitted Efield is gradually coupled to the dielectric sheets can be more remarkably seen from the H-plane E-field distribution in Fig. 5(c) . Furthermore, by converting the space waves into surface waves possessing the same phase velocity as those on the antenna board, phase distribution of E-field at the antenna aperture becomes more uniform which contributes to producing directive beam. This can also be explained from the mode conversion, as shown in Fig. 6 . With the dielectrics, the radiation modes in the free air are transformed to the quasi surface wave dominant TE mode of the dielectric sheet. As shown in Fig. 3(b) , vector E-field distribution of the circular aperture with radius of 27 mm on the plane of z = 50 mm indicates that the DSCVA really shows smoother wavefront in the main radiation area than the CVA.
Design Procedure
According to the operating principle of the Vivaldi antenna, the primary radiation occurs in the exponentially tapered slot. The width of the dielectric sheet is therefore designated as the opening width of the tapered slot of the CVA to ensure that the energy can be concentrated in the slot region.
It is important to mention that the performances of the proposed antenna are mainly determined by the separation mh between dielectric sheet and antenna substrate, as well as the parameters of dielectric sheet including permittivity and thickness t. The former affects the effective radiation aperture. Fig. 7 plots the antenna aperture vector E-field distributions at 15 GHz when the separation increases from 3 mm to 7 mm, as well as the gain curve of the proposed antenna over entire frequency band. It can be found that the size of the effective aperture varies with the separation, and by selecting a proper separation, the antenna gain increases due to the energy focusing in the middle region. It is determined that the optimal separation mh is approximately quarter wavelength of the high end frequency so that the electrical fields at high frequencies gather inside and around the cavity formed by the dielectric sheets. For the operational range of 3-17 GHz, we select the separation mh as quarter wavelength of frequency of 15 GHz (= 5 mm). Fig. 3(b) . The latter affects the coupling efficiency between the CVA and dielectric sheets. Figs. 8(a) and (b) present gain of the CVA covering different permittivity dielectric materials with same thickness of 1.524 mm and same dielectric sheets made of Rogers RO4003C with different thicknesses, respectively. The thorough parametric study results show that high permittivity and thick dielectric can achieve better antenna performance in a narrow bandwidth. To enhance gain of the CVA in a broad bandwidth, a compromise between permittivity and thickness should be made. Fig. 9 plots optimum gain variations of the DSCVA for several common materials with appropriate thickness. It is obvious that all the cases provide good performances. The gain curves of the DSCVA with different materials have similar trends.
Proposed SP-DSCVA
The typical way for increasing the efficiency of the surface wave radiation is to elongate and taper the profile of the dielectric sheets. To further achieve higher gain, the elongated DSCVA with shaped profile is designed as shown in Fig. 10 . The effect of profile shape (elliptical-shaped, rectangular-shaped, trapezoid-shaped, and triangular-shaped) on antenna boresight gain is investigated. The results in Fig. 11(a) show that the trapezoid-shaped profile is the best candidate for realizing high gain over wideband, and then the elliptical-shaped profile. This is because the trapezoid-shaped profile can SP-DSCVA Figure 10 . Configuration of the proposed SP-DSCVA. provide effective energy focusing. For easy fabrication and use, we choose the elliptical-shaped profile to construct the SP-DSCVA. Fig. 11(b) presents the result of the parametric study on the length of the elliptical-shaped profile. As can be seen, the highest value of gain is realized at l > 50 mm. More increase of length of the elliptical-shaped will lead to a high profile SP-DSCVA, which is not suitable for practical applications. As a result, the length of the elongated and shaped profile equals half the width of the CVA for our application and is 26 mm resulting in semicircular-shaped profile. The gains of the SP-DSCVAs with different dielectric materials are also investigated, and the results are presented in Fig. 9 . It can be found that the conclusion in Section 2.2 is also applied to the SP-DSCVA. Note that more gain increase is achieved at expense of overall length. The extended length of the dielectric sheet can be seen as antenna gain regulator and depends on the gain requirement and practical space limitation. In order to further understand the behavior of the dielectric slab, E-field distributions on the Hplane at 10 GHz and 14 GHz are illustrated in Fig. 12 . It is evident that in radiation zone,the wave front of DSCVA is smoother than that of the CVA, and SP-DSCVA has the smoothest wave front resulting in higher gain than the DSCVA.
Performances of the Proposed Antennas and Discussion
Based on the above research and analysis, considering the cost-effective, the Rogers RO4003 with a thickness of 1.524 mm is used as material of the dielectric sheet to construct the proposed antenna. Fig. 2(a) illustrates the S 11 of the proposed antennas. As can be seen, the S 11 of these antennas are both below −10 dB from 3.5 GHz to 16.5 GHz. The loading of dielectric sheets does not destroy the impedance bandwidth of the CVA. Instead, the impedance matching in the range is improved. Color bar of amplitude range is shown in Fig. 5 .
Comparison of the gains for the proposed antennas is made with the result shown in Fig. 2(b) . With dielectric slabs, a significant gain improvement is achieved. The gain variation of the proposed DSCVA is 5.5-13.3 dBi over 3.5 GHz-16.5 GHz, which corresponds to a gain enhancement of 0.5-5.4 dBi. Gain of the SP-DSCVA is 0.3-2.5 dBi more than that of the DSCVA in the range. Note that the higher gain performance of SP-DSCVA than the DSCVA results from the elongated tapered profile. In addition, we study the cross-polarization-level of the DSCVA and find that it is almost unaffected because the dielectric slabs are symmetrically placed.
EXPERIMENTAL RESULTS AND DISCUSSION
Photographs of the fabricated CVA, DSCVA and SP-DSCVA are illustrated in Fig. 13 . The reflection coefficients S 11 are measured by Agilent N5244A vector network analyzer in our laboratory. As shown in Fig. 2(a) , all the antennas operate over 3.5 to 16.5 GHz. The radiation performances are tested using an NSI measurement system in an anechoic chamber. Fig. 2 (b) draws the measured boresight gains of the antennas. A good agreement can be seen between simulated results and measured data. It is evident that the decreasing trend of the CVA is eliminated. The loaded dielectrics measurably enhance the gain. The increase of the gain is about 0.4-5.1 dBi for the DSCVA and 0.9-7.6 dBi for the SP-DSCVA compared to the CVA in the band. The comparison between current models with previous researches is shown in Table 2 . Figure 14 illustrates the measured radiation patterns of the CVA, DSCVA, and SP-DSCVA at 5, 10, and 15 GHz for E-plane (xz-plane) and H-plane (yz-plane). It can be observed the DSCVA and SP-DSCVA own narrower half-power beamwidth (HPBW) and smaller sidelobe level (SLL) than the CVA in both E-and H-planes at higher frequencies. The detailed frequency responses of HPBW and SLL are demonstrated in Fig. 15 . The wide E-plane HPBWs resulting from the aperture phase errors at higher frequencies are obviously improved. Since the H-plane HPBW is sensitive to the length of the tapered slot, the improvement is not so remarkable as that in E-plane, and the extended length of the shaped profile makes the HPBW of the SP-DSCVA narrower than that of the DSCVA. In addition, the SLLs of the CVA are reduced in both E-and H-planes at higher frequencies by the dielectric slabs. It should be mentioned that this method has the potential of correcting the problem of tilted beam for the ultra-wideband TSA with bandwidth up to multiple-octave or one-decade at high frequencies. Due to the bandwidth limitation of the CVA, this phenomenon is not obvious here.
CONCLUSION
A simple technique for improving the Vivaldi antenna gain based on stacking dielectric sheets spaced by an air layer of suitable thickness with the antenna board is presented. The dielectric sheets couple with the CVA, leading to decrease of the intensisty of the surface current at the flare termination, and transform the space waves emitting from the CVA to guided waves. The guided waves can generate smooth wavefront and increase the effective antenna radiation aperture, which contribute to the increase of the gain. The CVA and proposed dielectric slabs-covered Vivaldi antennas are fabricated and measured for verification. The results show that the DSCVA provides a gain variation of 5.3-13.1 dBi with short length from 3.5 to 16.5 GHz. The extended elliptical-shaped DSCVA achieves higher gain of 5.72-15.3 dBi. The gain enhancement of the SP-DSCVA is 0.9-7.6 dBi compared to the CVA. This effective approach can be applied in the microwave imaging system.
